Abstract & Aims The aim of this study was to test the hypothesis that heavy predation of fallen fruits reduces the predation of neighboring post-dispersed seeds. & Methods We performed a seed/fruit removal cafeteria experiment to assess the effects of seed species, of fruit species, and of density of fallen fruits on seed predation by wood mice (Apodemus sp.). In total, 6,930 seeds and 9,660 fruits from seven species were used. A generalized linear mixed model procedure was used to test these effects. & Results Seed predation was significantly affected by the species of both seeds and neighboring fruits, but not by their density. Multiple comparison tests showed that most of treatments tested had no significant effects of species and density of neighboring fruits on seed removal. However, seed removal was significantly lower in some treatments with fruits than in the treatments without fruits for one of the seven seed species tested. Seed removal of two species tested was significantly differed among some treatments with different fruit species. & Conclusion Most of the results in this study do not support our overall hypothesis. However, a part of results supported our hypothesis, suggesting that seed removal is affected by complex interactions between the preference of wood mice for fruits and fruiting environment.
Introduction
Spatial patterns of fleshy-fruited plant recruitment depend on seed rain, but are also affected by post-dispersal processes such as seed predation, germination, and mortality (Alcántara et al. 2000; Holl 2002 ). Therefore, a key question is whether patterns of plant recruitment are concordant with those of seed rain (Schupp 1995) . Frugivorous birds are important seed dispersers of fleshy-fruited plants. These birds deliver more of their seeds under perches (McClanahan and Wolfe 1987; Holl 2002) or plants bearing attractive fleshy fruits (Slocum and Horvitz 2000; Takahashi and Kamitani 2004) than in open sites or clearings (Izhaki et al. 1991; Herrera et al. 1994) . Intensive bird-dispersed seed rain beneath fruiting plants can cause spatial heterogeneous plant recruitment in early successional plant communities (Robinson and Handel 1993; Toh et al. 1999) . Thus, fruits of fleshy-fruited plants facilitate plant colonization, thereby influencing the spatial distribution and population dynamics of plants as well as plant succession (Robinson and Handel 1993; Schupp 1995; Holl 2002) .
Recruitment models have predicted that fruit-bearing plants are often focal sites for seed predators (Janzen 1970; Connell 1971; Nathan and Casagrandi 2004) . Subsequent empirical studies have indicated that bird-dispersed seeds and seeds within fruits fallen naturally beneath fruiting plants suffer heavy predation by rodents including wood mice (Apodemus spp.; Wilson and Whelan 1990; Masaki et al. 1994) , and the level of predation pressure depends on seed density (Wilson and Whelan 1990; cf., Alcántara et al. 2000) . Thus, wood mouse seed predation can potentially influence plant colonization (Wilson and Whelan 1990; Kollmann et al. 1998) , and understanding post-dispersal seed/fruit predation beneath fruiting plants is necessary to understanding seed predation and subsequent colonization patterns and processes in different plant species in various microhabitats (Russell and Schupp 1998) .
In temperate Japan, two species of wood mice, Apodemus speciosus and Apodemus argenteus, which act as the major agents of secondary dispersal of acorns and nuts in the family Fagaceae, are also principal seed predators (Kikuzawa 1988; Miguchi 1996; Takahashi et al. 2007) . Therefore, the two species are thought to be main seed dispersers/predators of fleshy-fruited plants, and also it is believed that many fleshyfruited plants suffer heavy post-dispersal seed predation by the two species. However, little data exist on the potential of wood mice to disperse and predate small-sized bird-dispersed seeds in Japan. Generally, wood mouse foraging activity is influenced by density, size, and nutrition of seeds/fruits on the ground (Wilson and Whelan 1990; Kollmann et al. 1998; Den Ouden et al. 2005) . In addition, the density and type of litter (Price and Jenkins 1986; Schupp 1988) , vegetation cover (Herrera et al. 1994) , and distance of seeds/fruits from a mother plant (Howe et al. 1985; Notman et al. 1996) affect wood mouse foraging. Therefore, wood mouse post-dispersal seed predation beneath fruiting plants would be affected by those factors and thus would change the distribution both of seeds from bird-dispersed seed rain and of fruits that dropped naturally under a mother plant. However, there is little information regarding wood mouse post-dispersal seed/fruit predation when bird-dispersed seeds and fruits co-occur beneath fruiting plants. Understanding of these events by predation behavior of wood mice would help to understand the pattern of fleshy-fruited plant recruitment near fruiting plants.
The predator satiation hypothesis predicts that low levels of seed predation are caused by high seed input under fruiting plants (Janzen 1971; Burkey 1994) . In this study, we predicted that wood mice would disregard bird-dispersed seeds if they prefer fruits to seeds and/or are confused by the presence of many fruits. Under such conditions, predation pressure on bird-dispersed seeds would be reduced, and seeds dispersed around fallen fruits may escape predation. Thus, our overall hypothesis was that high density of fallen fruits satiates wood mice as a fruit/seed eater and thus that wood mice consumption of fallen fruits under conditions of high fallen fruit density would reduce the predation of neighboring post-dispersal seeds. Evaluation of this hypothesis is necessary to better understand the distribution of seeds after wood mouse predation of bird-dispersed seeds and the subsequent seed bank formation in various microhabitats.
Our objective was to investigate how preferences of wood mice for bird-dispersed seeds of various plant species depend on fallen fruit conditions in a microhabitat beneath a fruiting plant. We used a seed/fruit cafeteria removal experiment to determine the effects of fallen fruits on removal of bird-dispersed seeds beneath different fruiting plant species. The experiment reproduced bird-dispersed seed rain and fruits that had naturally fallen from a parent plant. Specifically, we asked whether the presence or absence, density, and/or species of fallen fruit affected the removal of bird-dispersed seeds beneath the fruiting plant, and if so, whether removal of fallen fruits was related to removal of neighboring dispersed seeds.
Material and methods

Study site
The study was conducted in a 1-ha (100×100-m) plot located in a 56-year-old Pinus thunbergii Parl. stand, which is the most common species of pine planted as a windbreak in Japan, on a coastal sand dune near Mt. Kakuda, Niigata Prefecture, central Japan (37°47′N, 138°49′E). Being artificial, these pine stands develop on coastal sand dunes that lack a forest seed bank and forest pioneer species; thus, we considered such a pine stand to be a suitable location to evaluate patterns of colonization and spatial distribution of plants in early successional plant communities. Annual mean temperature and rainfall for 3 years containing the study year in the area are 14.4°C and 1,964 mm, respectively. The main canopy tree species in the plot was P. thunbergii In autumn 2001 when our study was performed, 12 species that bear fleshy fruits in autumn were present in the study plot: six shrubs (Viburnum dilatatum Thunb., Callicarpa japonica Thunb., Rhus trichocarpa Miq., Neolitsea sericea (Blume) Koidz., Euonymus alatus (Thunb.) Siebold f. stiatus (Thunb.) Makino, and Euonymus sieboldianus Blume) and six vines (Cocculus trilobus (Thunb.) DC., Paederia scandens (Lour.) Merr., Smilax china L., Lonicera japonica Thunb., Akebia quinata (Houtt.) Decne., and Vitis thunbergii Siebold et Zucc.), in order of descending numbers of individuals. The study year was a good mast year for these plant species. Most fruits were picked and dispersed from mid-October to early December by several fruit-eating birds such as the browneared bulbul (Hypsipetes amaurotis Temminck), the dusky thrush (Turdus naumanni Temminck), the pale thrush (Turdus pallidus Gmelin), and the Japanese white-eye (Zosterops japonicus Temminck & Schlegel). These species represent the primary seed dispersers in Japan (Kominami 1987; Noma and Yumoto 1997) . Due to this fruit dispersal and naturally falling fruits, plants in the study plot bore few ripe fleshy fruits at the beginning of the study.
Seed/fruit removal cafeteria experiment
The seed/fruit removal experiment ran from 13 December 2001 to 28 April 2002. The experiment included 330 baskets assembled from 0.86-mm mesh polyester cloth and 5-cm mesh wire netting (Fig. 1) . Forty-five plants each of seven autumn-fruiting plant species [four shrubs (C. japonica, N. sericea, R. trichocarpa, and V. dilatatum) and three vines (C. trilobus, P. scandens, and S. china)] and 15 plants of a summer-fruiting shrub species (Morus bombycis Koidz.) were randomly selected for the experiment (n=330 plants). Summer-fruiting M. bombycis shrubs, which supply no fallen fruits on the forest floor in autumn, were selected as control plants. All selected plants were located under canopy trees, and their heights ranged from 1.5 to 3.0 m. The host tree of all selected vines was early-summer-fruiting P. verecunda, which bears no fruit in autumn.
Ripe fruits and seeds of the seven autumn-fruiting species (Table 1) were randomly collected from plants in the study plot at the beginning of December 2001. To provide seeds for the experiment, we peeled the pulp from about half of the collected fruits. Seeds without pulp were soaked in water to remove the floating empty and insect-damaged seeds. These seeds and fruits were conserved in the laboratory, under temperatures similar to those experienced by seeds and fruits staying on the ground in the field, until they were relocated to the experimental plot.
The baskets for the seed/fruit cafeteria experiment consisted of pairs of large (30×30×3 cm) and small (10×10× 1 cm) baskets. Large baskets were buried in the ground to a depth of 3 cm and nailed in place. A small basket was placed at the center of each large basket. One set of baskets was positioned beneath each of the 330 selected plants. Fruits and seeds were placed inside large and small baskets, respectively, so that when wood mice entered the baskets, they would first see fruits and could then approach seeds.
The experimental design reproduced real patterns of birddispersed seeds and naturally fallen fruits. To determine the numbers of seeds and fruits to put in the baskets, we estimated means, maximums, and minimums of densities of bird-dispersed seeds and naturally fallen fruits per basket (Table 1) using data from 1.5-m 2 rectangular traps placed beneath fruiting plants of the seven species (n=10×7 species) at the same study site between 20 October 1999 and 7 January 2000 Kamitani 2003, 2004) , which was a good mast year for these plant species. Because the composition of bird-dispersed seeds beneath plants was not affected by the species of plant on which birds defecated or regurgitated and was thus similar among plant species (Takahashi and Kamitani 2003) , 21 seeds of the seven autumn-fruiting plant species (three seeds per plant species) were placed in each small basket (n=330). For the treatments with fruits, fruits of the same species as the fruiting plant overhead were placed in each large basket (around the small basket). Because densities of fallen fruits varied remarkably with individuals and species of fruiting plants, we used three different fruit densities: seven, 21, and 63 fruits per basket, with 105 baskets per treatment (n=105×3). Moreover, to approximate actual situations in which few fruits fell to the forest floor in winter, we did not replace removed fruits with new fruits. Thus, fruit densities in the baskets were not kept constant during the experiment. For the treatments without fruits, no fruit was placed in the control baskets (n= 15) beneath M. bombycis shrubs. In total, 6,930 seeds with full kernels and 9,660 fruits were used in the experiment.
Although two species of wood mice, A. speciosus Temminck and A. argenteus Temminck, are the principal post-dispersal seed predators in Japan (Kikuzawa 1988; Miguchi 1996) , various animals such as medium-sized mammals (e.g., foxes, badgers, raccoon dogs, and martens), birds, and ants feed on seeds and fruits of fleshy-fruited plants (e.g., Higuchi 1977; Hayashida 1989; Koike et al. 2008) . To separate the impact of foraging by wood mice from that of foraging by other animals, the upper part of each basket was fully enclosed with 5-cm-mesh wire netting to allow wood mice to enter. Ants were not found during the experiment and were thus not considered to be frequent seed predators during the winter. Each basket was covered with 0.86-mm-mesh polyester cloth to exclude bird-dispersed seed rain and fruits, seeds, or leaves shed from overhanging plants (Fig. 1 ).
Wood mice trapping
We conducted a mark-recapture study of wood mice populations using 100 Sherman live traps (30×9×7 cm) baited with sunflower seeds and sweet potatoes. Each trap was covered with a plastic bag to exclude rainfall, and cotton bedding was provided to prevent hypothermia. The study plot was divided into a grid of 100 cells (10×10 m), and one trap was placed at the center of each grid cell. Live trapping was conducted immediately after the end of the experiment for five consecutive nights (28 April to 3 May 2002). Traps were checked daily at dawn. The density of wood mice was assessed using the mark-recapture data using Petersen's method (Seber 1982) . We came to the conclusion that about 24 and eight individuals of A. speciosus and A. argenteus, respectively, were present per hectare.
Data analyses
Generalized linear mixed models (GLMMs) with the binomial family and logit link were used to determine the effects of species identity of seeds, fruit-species identity, and density of neighboring fruits on the numbers of removed seeds per species in each of all baskets. Density of neighboring fruits was treated as a covariate factor in GLMMs. To determine the best predictive GLMM, models having the lowest Akaike's information criterion (AIC) were selected. Differences in numbers of removed seeds per species among fruit-species and fruit-density treatments were examined with Tukey's honestly significant difference (HSD) tests. Differences in numbers of fruits removed among fruitspecies treatments were also tested with Tukey's HSD tests. To assess whether the numbers of neighboring fruits removed affected the numbers of seeds removed across the seven fruit-species treatments of different fruit density, simple regression analyses were performed using averages from within-species fruit treatments in each fruit-density treatment. To assess the effects of species of neighboring fruit on the preference of wood mice for seeds of the seven species, intraspecific correlations of species rank order of the number of removed seeds per species were tested with Spearman's rank correlation. A significant positive correlation coefficient would suggest that the quantitative composition of seeds removed is similar between two-fruit species treatments. All analyses were carried out using R 2.14.0 (R Development Core Team 2011).
Results
GLMM results showed that seed removal per species was significantly affected by fruit-species identity of neighboring fruits as well as species identity of seeds, but not by density of neighboring fruits (Table 2) . Multiple comparison tests on seed removal showed that most of total 148 treatments tested had no significant effects of species and density of neighboring fruits on seed removal (Fig. 2) . However, there are significant effects of the presence or absence of neighboring fruits on seed removal in two (C. trilobus and V. dilatatum) of seven fruit-species treatments. Fewer seeds of S. china were removed from baskets in treatments with 63 fruits than in treatments without fruits (Tukey's HSD tests, P<0.05; Fig. 2 ). Multiple comparison tests also indicated significant effects of neighboring fruit species on seed removal of P. scandens, and R. trichocarpa in C. trilobus, N. sericea, and/or R. trichocarpa fruit treatments (Tukey's HSD tests, P < 0.05; Fig. 2 ). For example, the number of seeds of P. scandens was significantly smaller in R. trichocarpa fruit treatments with seven fruits than C. trilobus and N. sericea fruit treatments with 21 fruits (Fig. 2) . For R. trichocarpa seeds, the numbers of seeds removed were significantly smaller in R. trichocarpa fruit treatments with seven fruits than C. trilobus fruit treatments with 21 fruits (Fig. 2) . Multiple comparison tests on fruit removal showed that there were significant effects of fruit-species identity of neighboring fruits on fruit removal in each fruit-density treatment (Tukey's HSD tests, P<0.05; Fig. 3 ). For all of three fruit-density treatments, the numbers of C. japonica, C. trilobus, and V. dilatatum fruits removed around the seeds were significantly larger than those of N. sericea, P. scandens, R. trichocarpa, and S. china fruits (Fig. 3) . Wood mice preferred N. sericea (the total number of fruits removed; 220), S. china (351), P. scandens (399), R. trichocarpa (434), C. japonica (829), V. dilatatum (1311), and C. trilobus fruits (1,326), in that order.
Regressions indicated that the mean number of seeds removed were significantly and negatively correlated with the mean number of neighboring fruits removed across the seven fruit species treatments for in N. sericea seeds in the treatments with 21 fruits and N. sericea, R. trichocarpa, and S. china seeds in the treatments with 63 fruits (Pearson's correlation test, P<0.05; Table 3 ). For most of the treatments with seven and 21 fruits, there was no significant correlation between seed removal and neighboring fruit removal (Pearson's correlation test, P≥0.05; Table 3 ).
Significant positive correlations of species rank order were found in the numbers of removed seeds of the same species between different fruit species treatments in many pairs (treatments with seven fruits, 21 pairs; treatments with 21 fruits, 22 pairs; treatments with 63 fruits, 23 pairs) of all combinations (28 pairs), and the quantitative compositions of seeds removed were similar among the seven fruit species treatments (Spearman's rank correlation test, P<0.05; Table 4 ). Wood mice preferred C. trilobus (the total number of seeds removed; 18), V. dilatatum (64), N. sericea (140), P. scandens (290), C. japonica (353), S. china (459), and R. trichocarpa seeds (472), in that order. There was no significant correlation between wood mice preference for seeds and that for fruits (Pearson's correlation test, r=−0.65, P≥0.05).
Discussion
Because A. speciosus and A. argenteus were found in study area, we concluded that these two species of wood mouse acted as agents of seed and fruit removal in our experiment. Our seed/fruit removal experiment revealed that density of neighboring fruits had no significant effects on seed removal for six of the seven seed species tested. These results do not support our overall hypothesis. Interestingly, most of our results do not support density-dependent seed predation process as predicted by the Janzen-Connell hypothesis (Janzen 1970 (Janzen , 1971 Connell 1971 ) and the predator Species of fruits placed Fig. 2 The numbers of seeds removed in the treatments with fruits [n= 21 baskets per treatment (7 fruit species×3 fruit density)] and treatments without fruits (n=15 baskets). Different letters show significant differences among 22 fruit treatments (P<0.05, Tukey's HSD test). Each box represents an interquartile range, and the vertical line inside the box indicates the median. The whiskers extend to the lowest and highest values below and above the first and third quartile, respectively, excluding outliers. Circles represent outliers that are between 1.5 and 3.0 times the interquartile range. Cj, C. japonica; Ct, C. trilobus; Ns, N. sericea; Ps, P. scandens; Rt, R. trichocarpa; Sc, S. china; Vd, V. dilatatum satiation hypothesis (Janzen 1971; Burkey 1994) . One possible explanation of these results would be that density dependence of seed predation depended on the spatial scale of observation in 1-ha study plot and that large scales than that addressed in the experiment would be more relevant. Another possible explanation would be that high density of fruiting plants and normal density of wood mice observed in the study plot hindered heavy density-dependent seed predation. The densities of the two wood mice species, A. speciosus and A. argenteus, in our study plot were thought to be normal based on comparison with densities at other study sites such as natural and planted forests in Japan (Miguchi 1996; Saitoh et al. 1999) . Mice densities in a given area can vary tenfold (Miguchi 1996; Saitoh et al. 1999) , so density-dependent seed predation may be frequently observed at certain times of the year. On the other hand, we observed that the presence or absence of neighboring fruits had small effects on seed removal for only S. china of the seven seed species tested. These results suggest that predation of bird-dispersed seeds by wood mice is reduced by the presence of fallen fruits of some species, such as C. trilobus and V. dilatatum, in close proximity to the seeds. In this case, naturally fallen fruits appear to have a risk-dilution effect on post-dispersal seed predation by wood mice, supporting our hypothesis. In addition, because fruit was removed by wood mice, fruit densities in the baskets gradually decreased over the study period. This would reduce density-dependent effects, but such situations would also occur naturally in the field. Our experiment also showed that for seeds of N. sericea, R. trichocarpa, and S. china, the mean number of seeds removed significantly decreased with increasing mean number of fruits removed across the seven treatments using 21 fruits and/or 63 fruits, suggesting that wood mice consumption of fallen fruits affects survival of neighboring postdispersed seeds under conditions of high fruit density. These situations are similar to the pattern predicted by the predator satiation hypothesis, which states that low levels of seed predation are caused by predator satiation under and near fruiting plants in mast years (Janzen 1971; Burkey 1994) . In contrast, the mean number of seeds removed and the mean number of fruits removed across the seven treatments were not correlated at most of densities of seven and 21 fruits per basket, suggesting that low densities of neighboring fruits may not sufficiently attract wood mice to reduce seed predation. Therefore, in our experiment, patterns similar to the predator satiation under strong densitydependent predation of both seeds and fruits (Janzen 1970 , 1971; Connell 1971) were observed for three (N. sericea, R. trichocarpa, and S. china) of seven seed species placed in high-fruit-density treatments.
Our experiment was performed in winter, when seeds and fruits suffer heavy predation by wood mice. Although we did not evaluate the effect of wood mice seed/fruit predation in autumn, the effect would be lower than that in winter because the food sources of wood mice in autumn are not only seeds but also invertebrates (mainly insects) (Ota et al. 1977) . In contrast, the effect of ants in temperate region would be higher in the early autumn, when ants are more active than in the winter (Kollmann et al. 1998) . Because the field experiment was performed in a good mast year for the tested plant species and the high-fruit-density treatments were realistic maximum levels, it appears that large fruit falls can satiate wood mice. In a poor or average mast year, the amount of fallen fruit may reduce density-dependent predation. On the other hand, litter accumulation hides fallen fruits and bird-dispersed seeds from wood mice and reduces their predation pressure (Price and Jenkins 1986; Schupp 1988 ). Thus, we may have overestimated natural seed/fruit predation in our experiment. Moreover, real densities of seeds arriving beneath fruiting plants affect postdispersal seed predation (Price and Jenkins 1986; Schupp 1988) . Therefore, the results of our experiment may differ somewhat from natural patterns of seed/fruit predation. Future studies should investigate the forest-wide effects of fruiting plant density, fallen fruit density, bird-dispersed seed density, wood mouse density, and litter on the intensity of seed/fruit predation.
We also showed that fruit-species identity of neighboring fruits had no significant effects on seed removal for five of the seven seed species tested. However, for seeds of P. scandens and R. trichocarpa, seed removal was significantly smaller in R. trichocarpa fruit treatments than C. trilobus and/or N. sericea fruit treatments. In particular, seed removal of R. trichocarpa was lower in treatments with conspecific fruits than in those with heterospecific fruits, conflicting with the Janzen-Connell escape hypothesis. Species-dependent fruit predation may have been the result of the preference of wood mice for certain fruits. C. japonica, C. trilobus, and V. dilatatum fruits, which experienced high removal rates, appeared to be preferred by wood mice, whose preferences are affected by the size, nutritional value, and handling time of seeds/fruits (Wilson and Whelan 1990; Steele et al. 1996; Kollmann et al. 1998; Shimada 2001) . Our experiment also demonstrated that the quantitative composition of seeds removed by wood mice was similar among the seven fruit-species treatments, suggesting that fruitspecies identity of neighboring fruits had practically no effect on the relative rank of wood mice preference for seeds of the seven species. As wood mice are primarily seed eaters, not fruit-pulp consumers, neighboring fruits would have little effect on which seeds are disturbed by wood mice. On the other hand, in the cafeteria experiment, which reproduced real patterns of bird-dispersed seeds and naturally fallen fruits, seeds of the seven species and fruits of a particular species were placed together in a basket. Thus, observed seed removal would actually reflect not only the effects of neighboring fruit density but also those of the rank of wood mice preference for seed species. However, in our cafeteria experiment, designed to evaluate the effects of fallen fruits on predation of post-dispersed seed communities, we observed constant preferences of wood mice across different densities and species of neighboring fruits.
Consequently, most of the results in this study do not support our overall hypothesis that heavy predation of fallen fruits under fruiting plants with high fallen fruit density would reduce the predation of neighboring post-dispersed seeds. However, a part of the results supported our hypothesis, suggesting that seed removal is affected by density and fruitspecies identity of neighboring fruits through complex interactions between the preference of wood mice for fruits and fruiting environment affecting their fruit preference. This also suggest that the complex interactions may play a key role in the survival of bird-dispersed seeds during the early postdispersal phase, and in turn, this process may contribute to the formation and persistence of a heterogeneous soil seed bank. This approach may contribute to understand the spatial patterns of fleshy-fruited plant recruitment.
